Oroesophageal candidiasis is caused by the combined action of fungal virulence factors and host inflammatory responses when protective immunity is absent. Hyphal wall protein 1 (Hwp1) on germ tubes and true hyphae of Candida albicans forms covalent cross-links to buccal epithelial cells in vitro by functioning as a substrate for mammalian transglutaminases. In this study, beigeathymic (bg/bg-nu/nu) or transgenic e 26 mice that have combined natural killer and T cell defects did not succumb to candidiasis after oral administration of C. albicans strains with inactivated HWP1 genes, whereas mice given isogenic strains of C. albicans that had a single copy of HWP1 survived only 2-3 weeks. Illness correlated with extensive alterations of the lingual and esophageal mucosa that were absent in mice given the hwp1/hwp1 mutant. HWP1 is a promising target for development of antifungal drugs for treatment of oroesophageal candidiasis.
Oral and esophageal candidiasis caused by the opportunistic pathogen Candida albicans intensifies debilitation associated with human immunodeficiency virus-induced and iatrogenic immunosuppression, loss of normal bacterial flora, and breakdown of the mucosal epithelium [1, 2] . Severe inflammation of the esophageal mucosa may lead to narrowing of the lumen, resulting in odynophagia and dysphagia [3] . Because children have a smaller-diameter esophageal lumen, immunocompromised pediatric populations are particularly susceptible to esophageal candidiasis [4] . In the presence of malignancies or immunosuppressive therapy to prevent rejection of transplanted tissues, the oral mucosa may serve as portal of entry through which C. albicans can invade the bloodstream and cause abscess formation in internal organs [5] .
A requirement for establishment of oroesophageal candidiasis is adherence of C. albicans to the epithelium. Early work showed that germ tubes and hyphae were more adherent to buccal epithelial cells than were yeast forms [6] , suggesting that adhesins associated with filamentous growth might contribute to the pathogenesis of oral candidiasis. Screens for germ tube-specific surface proteins that might function in adherence led to the identification of hyphal wall protein 1 (Hwp1), a protein with expression limited to surfaces of germ tubes and true hyphae [7, 8] . The involvement of Hwp1 in a novel mechanism of adherence was predicted after the discovery that the amino acid sequence of the NH 2 -terminal domain resembled mammalian proteins that are substrates for transglutaminase (TGase) cross-linking enzymes.
Epithelial TGases in rodents and other mammals [9] [10] [11] are essential for formation of a cross-linked network of squamous epithelial cell-specific proteins such as involucrin, loricrin, and the small, proline-rich proteins that make up the primary host defense barrier [12] . The presence of Hwp1 might enable C. albicans to form tight attachments to the oral mucosa through TGase-catalyzed cross-linking between Hwp1 and epithelial cell proteins. In in vitro experiments, both the amino-terminal domain of Hwp1 and germ tubes expressing Hwp1 became tightly attached to buccal epithelial cell surfaces through epithelial cell TGase activity [7] , but the role of Hwp1 in the pathogenesis of oroesophageal candidiasis is not known.
Work published elsewhere has demonstrated that beige-athymic (bg/bg-nu/nu) mice are susceptible to severe mucosal candidiasis of endogenous origin after alimentary tract colonization [13] . The bg/bg-nu/nu mouse model is attractive for assessment of the importance of putative virulence factors in mucosal candidiasis, because poor health that mandates euthanization of the mouse provides a clear end point. Lethality at early time points (1-4 weeks) after exposure most likely results from extensive mucosal invasion by C. albicans and is not the result of systemic candidiasis. Therefore, the bg/bg-nu/nu mouse is suitable for evaluation, using genetically modified C. albicans strains, of the importance of putative virulence factors in oroesophageal candidiasis. More recently, transgenic e 26 (tge26) mice that lack T cells and NK cells [14] have also been shown to be highly susceptible to mucosal candidiasis [15] . To define the contribution of Hwp1 to the interplay between the mucosal epithelium of immunocompromised hosts and C. albicans and to understand the factors that lead to mucosal damage in hosts that lack complete immune systems, we analyzed bg/bg-nu/nu and tge26 mice that had been orally inoculated with wild-type C. albicans or with 1 of 3 isogenic strains that differed in whether or not they had the Hwp1 gene (HWP1).
Methods
C. albicans strains. C. albicans strain SC5314, a patient isolate [16] , was used to create strain CAI4 [17] , a uridine-dependent auxotroph. CAI4 was the parent strain used to derive uridineindependent strains CAH7 (HWP1 heterozygote; HWP1/hwp1), CAH7-1A (hwp1/hwp1 null mutant), and CAHR3 (hwp1/HWP1; revertant strain), as described elsewhere [7] .
Mice. bg/bg-nu/nu mice, tge26 mice, and mice heterozygous for the nu gene (bg/bg-nu/+ ) were raised in the Gnotobiotic Laboratory (University of Wisconsin, Madison) and maintained under germ-free conditions. We used male and female mice (aged 4.5-7 weeks). Separate groups of mice were monoassociated on day 0 with C. albicans strains CAH7, CAH7-1A, CAHR3 (revertant), or SC5314 (wild type) by swabbing of the mouth of the mouse with a suspension (10 8 blastoconidia/mL) from a Sabouraud dextrose agar slant cultured for 24 h at 37 C. Mice were maintained in a gnotobiotic (monoassociated) environment inside plastic isolators for up to 7 weeks and watched for signs of poor health, including lethargy, matted or thinning fur, chills, closed eyes, and emaciation, that made euthanization necessary. Gastrointestinal (GI) infection was demonstrated by quantitative cultures of cecal contents. Quantitative kidney cultures were done to determine whether C. albicans had translocated across the GI tract. Cultures were done as described in [13] . Fecal pellets were also cultured to assess colonization. After the removal of cecal contents and kidneys for culture, mice were placed in 10% buffered formalin before dissection to remove tongues, esophagi, and stomachs for histologic analysis. The identities of the C. albicans strains that had been given to the mice were verified by indirect immunofluorescence assay of germ tubes from cultures of cecal contents or fecal pellets by use of monospecific antiserum to recombinant Hwp1 and by Southern blotting to determine the HWP1 genotype [7, 8] .
Histologic analysis. We analyzed stomach, esophageal, and tongue tissues for the presence of candidiasis. Tongues and stomachs were bisected longitudinally just off the midline. Esophagi were left intact. Tissues were fixed in 10% buffered formalin, embedded in paraffin, sectioned (4 mm), stained with periodic acid-Schiff reagent to visualize fungi, and counterstained with hematoxylin for characterization of host cells. Microscopical evaluation of mucosal damage was assessed as described in table 1. Serial longitudinal sections that spanned the entire esophagus and 2 mm of the central tongue were examined. The sections were coded to conceal C. albicans strain identity, examined microscopically, and reevaluated once the code had been broken. The criteria for assigning scores are described in table 1.
Statistical analysis. Survival curves were calculated by the Kaplan-Meier method and compared by log-rank test. Mean survival times of bg/bg-nu/nu versus tge26 mice were compared by the Student's t test; P < :01 was considered to be significant. Histologic scores were compared using the Mann-Whitney U test; P , :04 was considered to be significant. For statistical analyses, we used GraphPad Prism version 3.02 for Windows software.
Results
Role of HWP1 in colonization of bg/bg-nu/nu and tge26 mice. The C. albicans hwp1/hwp1 mutant colonized the GI tract of bg/bg-nu/nu and tge26 mice at levels that were comparable with those of the wild-type strain SC5314 and the singleknockout and revertant HWP1/hwp1 strains. The number of colony-forming units (cfu) per gram of cecal contents ranged from 5 £ 10 7 to 5 £ 10 8 for animals that were monoassociated for 3-44 days (table 2). Similar numbers of viable organisms were found in the cecal contents from beige heterozygous (bg/ bg-nu/+) mice that were not athymic but retained the NK cell deficiency (data not shown). The degree of colonization was independent of the presence of the HWP1 gene. Role of HWP1 in deaths of bg/bg-nu/nu and tge26 mice. The time of survival of bg/bg-nu/nu and tge26 mice that were colonized with C. albicans strains carrying a wild-type HWP1 gene was significantly shorter than that for mice colonized with the C. albicans hwp1/hwp1 strain (figure 1). Only 1 of 9 bg/bgnu/nu mice that were given the HWP1 heterozygous or revertant C. albicans strain remained healthy for 6 weeks. In contrast, 7 of 8 mice that were given the hwp1/hwp1 strain remained healthy during 6-7 weeks of monoassociation. Similar results were found for tge26 mice. Only 1 of 10 tge26 mice that were given the HWP1-carrying C. albicans strains remained healthy for 5 weeks. The single mouse (no. 90226) that survived monoassociation with an HWP1 strain apparently was not colonized to the same degree as the other animals; fewer cfu were found in the cecum of that mouse (table 2) than in the cecums of the other mice. In this mouse, survival may have been the result of deficient colonization. None of the tge26 mice that were given the hwp1/hwp1 C. albicans strain became ill. For both bg/bg-nu/nu mice and [7] are hwp1/hwp1 (CAH7-1A), HWP1/hwp1 (CAH7), hwp1/HWP1 (CAHR3), and HWP1/HWP1 (SC5314 wild type). b Reduced, compared with that of other mice; P , :01.
C. albicans Hwp1 and Oroesophageal Candidiasis JID 2002;185 (15 February) tge26 mice, monoassociation with the HWP1/hwp1 heterozygote strain, CAH7, or the HWP1 revertant strain, CAHR3, led to illness, whereas mice monoassociated with the hwp1/hwp1 strain, CAH7-1A, survived. The differences between survival curves for monoassociation with strains that did and strains that did not have a wild-type HWP1 gene were statistically significant.
Survival time after colonization with HWP1 heterozygous or revertant strains for bg/bg-nu/nu differed from that for tge26 mice. The mean^SD survival time for bg/bg-nu/nu mice was 8:1^1 days after monoassociation, compared with 18^0:4 days for tge26 mice. The difference was statistically significant (P , :001).
Role of translocation across the GI mucosal barrier in ill health of immunodeficient mice. In murine systemic candidiasis, C. albicans accumulates in the kidneys [18] . Therefore, we made quantitative cultures of mouse kidneys to determine whether systemic candidiasis contributed to the poor health of the mice. C. albicans was rarely found in the kidneys. Kidneys of 1 tge26 mouse that was given the wild-type strain and 1 bg/ bg-nu/nu mouse that received the hwp1/hwp1 strain yielded positive cultures (table 2) . The finding of C. albicans in the kidneys of only 2 of 25 ill mice strongly suggested that the poor health of orally colonized animals was not the result of translocation of C. albicans to internal organs. These results are consistent with other reports, which showed that translocation across the GI tract occurs >3 weeks after monoassociation in bg/bg-nu/nu and tge26 mice [13, 15] . For both bg/bg-nu/nu and tge26 mice, the differences in survival rates could not be explained by differences in sex. The sex distribution among ill and healthy mice was not significantly different.
Correlation of survival rate with severity of mucosal candidiasis on the tongue and esophagus. Other studies have shown that bg/bg-nu/nu mice have severe mucosal candidiasis after oral inoculation [13] . To assess the extent and severity of damage to mucosal tissues caused by the hwp1/hwp1 strain, compared with that caused by other strains, histologic analyses were performed on tongues, esophagi, and stomachs of mice and scored as shown in table 1.
Comparison of damage to tongue caused by C. albicans hwp1/hwp1 and HWP1 heterozygous and revertant strains. The hwp1/hwp1 strain causes minimal damage to the tongue, unlike HWP1 heterozygous and revertant C. albicans strains. The stratified squamous epithelium of the mouse dorsal tongue is almost completely covered with papillae and displays a prominent centrally located cleft (foramen cecum; figure 2A ). The tongue of a bg/bg-nu/nu mouse is shown in figure 2A ; lingual features of tge26 mice were indistinguishable from those of bg/bg-nu/nu mice. Figures 2B and 2C and 3B show damage caused by C. albicans HWP1 strains in bg/bg-nu/nu and tge26 mice, which was similar in the 2 mouse strains. Damage to the surface of the tongue was extensive. The normal peaked papillary tissue architecture of the entire dorsal tongue of bg/bg-nu/ nu and tge26 mice given HWP1 heterozygous or revertant strains of C. albicans was flattened (figure 2B). High-power views showed that C. albicans did not invade the spinous layer (figure 2B, inset ) and that damage resulted from microabscesses formed in response to hyphal invasion of the keratinized layer (figures 2B and 2C and 3B2). Although polymorphonuclear leukocytes (PMNL) occasionally appeared to be directed toward hyphae (figure 3B3), PMNL more commonly formed intraepithelial microabscesses that fused and separated hyphaeladen keratin from the underlying stratum spinosum (figures 2C and 3B2). In some areas, degeneration of the keratinized epithelium also appeared to result from proliferation of hyphae in the absence of PMNL ( figure 3B1) .
Invasion by the hwp1/hwp1 strain of C. albicans was minor, compared with invasion by other strains, even after several weeks of monoassociation. When invasion occurred, it was limited to the central region of the tongue, proximal to the foramen cecum, and few organisms were present ( figure 2D ). Although invasion of the tongue by the hwp1/hwp1 strain was less fre- (heterozygous mutant; HWP1/hwp1), CAH7-1A (homozygous mutant; hwp1/hwp1), and CAHR3 (revertant strain; hwp1/HWP1). Two bg/bgnu/nu mice given the SC5314 strain became ill and were euthanized at days 3 and 6 (data not shown). Survival curves were calculated by the Kaplan-Meier method with GraphPad Prism version 3.02 for Windows software. Differences in survival rates for bg/bg-nu/nu and tge26 mice that were given the hwp1/hwp1 strain or an HWP1 strain were statistically significant (P < :01; log-rank test). quent and less severe than invasion of the tongue by HWP1 strains, 1 of the 8 bg/bg-nu/nu mice (no. 90251) had a prominent intraepithelial abscess that appeared to extend through the entire surface epithelial thickness and to disrupt the basement membrane ( figure 2E ). This was the only mouse colonized with the hwp1/hwp1 mutant that became ill and had to be euthanized. In bg/bg-nu/nu mice given the hwp1/hwp1 mutant that were less severely infected, the lesion was limited to the central foramen cecum region and did not spread laterally across the surface of the tongue ( figure 2D and 2E) . Although the hwp1/ hwp1 strain is avirulent in murine systemic candidiasis in immunocompetent mice [7] , the ability of the hwp1/hwp1 homozygous mutant to cause systemic candidiasis in immunodeficient mice is unknown. This mouse may have succumbed to systemic candidiasis that originated from organisms in the oroesophageal or GI mucosa.
Tongues of tge26 mice were more susceptible to invasion by C. albicans hwp1/hwp1 than were tongues of bg/bg-nu/nu mice, but invasion was much less severe than that caused by HWP1 heterozygous and revertant strains. Limited damage to the central area on the dorsal surface of the tongue was seen in 3 of 5 tge26 mice given the hwp1/hwp1 strain (nos. 90217, 90218, and 90220). Of the 2 remaining mice, a single hypha was found on 1 of 18 serial tongue sections examined (from mouse no. 90219), whereas the remaining mouse (no. 90216) had negative results of testing for invasion in all tissues examined. In the most serious example of tongue infection by the hwp1/hwp1 strain in a tge26 mouse (figure 3A), the damage seen was much less extensive than that caused by HWP1 strains. As was observed for bg/bg-nu/ nu mice, papillae typical of healthy tissue surrounded regions of fungal invasion in tongues of tge26 mice given the hwp1/hwp1 strain ( figure 3A and 3A2) . One difference between the 2 strains of immunodeficient mice that were given the hwp1/hwp1 strain was that more yeast forms were seen in the tongues of bg/bg-nu/ nu mice than in the tongues of tge26 mice, where hyphae predominated (compare figure 2D and 2E with figure 3A1) .
Comparison of esophageal damage caused by C. albicans hwp1/hwp1 and HWP1 heterozygous and revertant strains. The esophagi of bg/bg-nu/nu mice that were given HWP1 heterozygous or revertant strains of C. albicans were also severely damaged by fungal abscesses. Abscesses consisting of PMNL aggregates beneath superficial keratinized epithelium laden with hyphae extended well into the esophageal lumen ( figure 3C4) . Narrowing of the esophageal lumen, as described elsewhere [13] , was also observed in several ill animals infected with C. albicans HWP1 strains. Analysis of serial sections suggested a complete blockage of the esophageal lumen in some mice.
We found no evidence of esophageal damage in bg/bg-nu/nu mice that were given the hwp1/hwp1 strain ( figure 3C2 ). The esophagi of the majority of bg/bg-nu/nu mice that were given the hwp1/hwp1 strain appeared similar to the esophagi of uninfected mice, which exhibited an unobstructed lumen with narrow walls and a smooth thin layer of stratified squamous epithelium ( figure  3C1 ). Hyphae were found in a dislodged cluster of epithelial cells in the esophageal lumen in 1 of 8 bg/bg-nu/nu mice that were given the hwp1/hwp1 strain (no. 90193; figure 3C2b). Yeast formswereoccasionallyseenadheringtoesophagealwalls(figure 3C2a). Even in the presence of a prominent lingual microabscess with hyphae in the esophageal lumen (as seen in mouse no. 90251 and described in the section "Comparison of damage to tongue caused by C. albicans hwp1/hwp1 and HWP1 heterozygous and revertant strains"), the hwp1/hwp1 strain did not invade the esophageal epithelium.
Hyphae of the C. albicans hwp1/hwp1 mutant invaded the keratinized epithelium in healthy tge26 mice and elicited a PMNL response ( figure 3C3) ; however, no luminal narrowing or blockage was seen. Our results show that HWP1 is required for occurrence of severe esophageal invasion that results in narrowing or blockage of the lumen. As for lingual infections, the major role played by Hwp1 in esophagitis appeared to be increasing the extent of microabscess formation and tissue damage caused by C. albicans.
Invasion of the stomach by hwp1/hwp1 and HWP1 heterozygous and revertant C. albicans strains. The homozygous hwp1/ hwp1 strains caused extensive invasion of keratinized tissue in the stomach (not shown). None of the strains invaded the glandular portion of the stomach. The presence of organisms invading the stomach mirrored the presence of organisms in the cecum and confirmed that animals were colonized. Invasion of stomach tissue by fungi did not appear to affect the health of the animals during the 8-week study period.
Correlation between inability to survive and extensive infection of the tongue and esophagus. Lethality was strongly associated with extensive C. albicans infection of the tongue and esophagus (table 3) . Larger pathology scores (as described in table 1), which represented more-severe tissue destruction, were found in mice that became ill than were found in mice that remained healthy for the 6-7-week period of study. The occurrence of lower pathology scores in surviving animals correlated with the limited damage to the surface of the tongue and the absence of narrowing or blockage of the esophageal lumen that were seen in these mice. Mice colonized with HWP1 strains had higher histology scores than did mice colonized with the hwp1/hwp1 strain (P ¼ :0179 and P ¼ :0186, for tongues of bg/bg-nu/nu and tge26 mice, respectively; P ¼ :0074 and P ¼ :0599, for esophagi of bg/bg-nu/nu and tge26 mice, respectively). Although the differences between pathology scores for esophagi of tge26 mice receiving HWP1 and scores for esophagi of mice infected with hwp1/hwp1 strains did not reach statistical significance, scores in the latter mice indicated a lack of luminal narrowing or blockage. The absence of the HWP1 gene was significantly associated with survival and with minor alterations in the esophageal and lingual mucosa (P ¼ :03 and P ¼ :003, for bg/bg-nu/nu and tge26 mice, respectively).
Discussion
Role of Hwp1 in oroesophageal candidiasis. Severe alteration of the dorsal tongue and esophagus in mucosal candidiasis in immunodeficient mice appears to be a 3-step process. GI tract colonization, establishment of an infected focus, and lateral extension over the epithelial surface culminate in extensive damage that leads to illness. Although colonization was independent of the presence of Hwp1 in our study, the establishment of an infected focus may involve Hwp1. Lower frequencies of lingual and esophageal infections were seen in association with the C. albicans hwp1/hwp1 mutant than with the HWP1 strains in bg/bg-nu/nu mice. On the tongue, Hwp1 appeared to be important for establishing foci outside the foramen cecum and for enabling C. albicans to spread laterally from the foramen cecum across the tongue surface. The foramen cecum may be a preferred site of invasion for C. albicans because this site is partially protected from mechanical actions that serve to keep the tongue's surface free of particulate matter. In the esophagus and tongue of both strains of mice, the ability to cause severe alterations to the epithelium depended on the presence of a wild-type HWP1 gene in C. albicans. The lingual and esophageal histopathologic findings demonstrated that the presence of Hwp1 enhances the ability of C. albicans to damage host mucosal surfaces sufficiently to cause severe illness and death. Hwp1 satisfies the criteria for virulence factors, according to a proposed host damage-response classification scheme [19] .
The mechanism by which Hwp1 promotes lingual and esophageal microabscess formation and damage is not known; however, murine TGase-mediated cross-linking of germ tubes to epithelial cells in the superficial layers of the stratified squamous epithelium may be involved in several ways. The initial number of infected loci may be increased by the formation of Hwp1-epithelium cross-links soon after germ tubes emerge. Alternatively, sloughing of mature keratinized epithelium may be decreased in the presence of cross-linked Hwp1 on hyphae, as has been proposed elsewhere [7] . TGase-mediated cross-linking of germ tubes to epithelial cells may also impede the dislodging of fungi and epithelial cells from surface mucosa by the mechanical actions associated with eating and swallowing. The importance of esophageal motility in resisting candidal invasion is supported by evidence that smooth-muscle atrophy leading to impaired esophageal peristalsis is a risk factor for esophageal candidiasis [20] . Easier removal of hwp1/hwp1 hyphae from the keratin layer of the esophageal epithelium or reduced frequency of establishment of an infected locus within the esophagus could lessen the fungal burden to a level that host defenses could manage.
The curtailed capacity of the hwp1/hwp1 strain to invade tissue did not appear to be related to an intrinsic deficiency in hyphae production in vivo. Hyphae produced by the hwp1/hwp1 strain, which were indistinguishable from those produced by HWP1 strains, were present in stomachs of bg/bg-nu/nu and tge26 mice (data not shown) and in the limited regions of the tongue and esophagus that were invaded in tge26 mice.
Host defenses in oroesophageal candidiasis. One interesting finding of this study was the subtle difference in the responses of the 2 strains of immunodeficient mice to isogenic C. albicans strains with or without HWP1. Whereas bg/bg-nu/ nu mice have a lysosomal storage defect that affects both PMNL and NK cell functions [21, 22] , the innate defect in tge26 mice that results from CD3e overexpression leads to the absence of NK and T cells [14] but is not thought to interfere with PMNL function. The shorter survival times of bg/bg-nu/nu mice that were given genetically manipulated strains with HWP1 may be the result of PMNL defects. Abnormal lysosomal trafficking may result in PMNL dysfunction and reduced killing of C. albicans hyphae, as was reported to have occurred in bg/bgnu/nu mice [23] . The normal lysosomal functions in tge26 mice may be an important component of early defense. The importance of PMNL function in resistance to candidiasis is Figure 2 . Lingual damage in longitudinal sections of beige-athymic (bg/bg-nu/nu) immunodeficient mice, caused by Candida albicans with or without a hyphal wall protein 1 gene (HWP1). A, Normal papillary architecture of lingual mucosa of 6.5-week-old female bg/bg-nu/nu mouse. A1, Enlarged view of posterior region; gray arrows indicate location of surface epithelium. Papillae in posterior region are larger and more uniform (A, arrow 1, and A1, arrow 1) than those on the anterior portion of the tongue, which are smaller and more contorted (A, arrow 2). The extreme posterior portion of tongue (A and A1, white arrows) and a central region just anterior to the central cleft (A, arrow 3) were smooth and lacked papillae. B and C, Extensive invasion and flattening of papillae over the entire surface of the tongue in 6-week-old female bg/bg-nu/nu mice that were monoassociated with C. albicans HWP1 revertant strain CAHR3 for 10 days (B) or with the heterozygous HWP1/hwp1 single-knockout strain CAH7 for 12 days (C) before onset of illness. Unaltered papillae (B, arrow 2) were rare. Hyphae infiltrated the entire surface of the keratin layer of the dorsal tongue (B, arrows 1, and inset, red arrows, and C, red arrows). Hyphae were confined to areas of keratinized epithelium, which stained pink (B, inset, green arrow, and C, green arrow) and did not penetrate the stratum spinosum, which stained blue (B, inset, yellow arrow, and C, yellow arrow). B, inset, white arrow, Border between keratinized epithelium and stratum spinosum. Denuded regions of lingual surface lacking most of the keratinized cell layer were evident (B, arrow 3). Aggregates of polymorphonuclear leukocytes (C, pink arrow) appeared to tear away the keratinized epithelium from underlying tissue (C, white arrows). D, Tongue from healthy 9-week-old female bg/bg-nu/nu mouse that was monoassociated for 4 weeks with CAH7-1A, an hwp1/hwp1 mutant strain of C. albicans. Fungi were limited to the area shown in the enlarged view. Yeast forms appeared prominently within keratin layer (D, enlarged view, white arrows), although hyphae were also seen (D, enlarged view, red arrows). E, Tongue from the only mouse (age, 8.5 weeks; sex, male) that became ill after monoassociation with C. albicans hwp1/hwp1 mutant strain CAH7-1A at 3 weeks after exposure. Lesion extended vertically and appeared to breach the basement membrane of the surface epithelium (E, yellow arrow). Normal papillary architecture of uninfected mucosa was seen adjacent to areas affected by invading fungi (D, blue arrow, and E, blue arrows). Scale bars are in micrometers.
well documented [24] . However, the importance of cells other than PMNL in host defense is inferred by the minimal invasion of tongues and esophagi of bg/bg-nu/nu mice by the hwp1/hwp1 mutant even in the presence of a PMNL defect.
bg/bg-nu/nu mice appeared to be more capable than tge26 mice of inhibiting germ-tube formation by the hwp1/hwp1 mutant strain. The presence of yeast forms in the markedly limited infections that occurred in the bg/bg-nu/nu mouse tongue after invasion by the hwp1/hwp1 strain suggests that the infection is being cleared. This result is in agreement with the results of another study, which showed that the ratio of blastospore to hyphal forms increases before clearance of C. albicans from the oral cavity [25] . Perhaps the reduced ability of the hwp1/hwp1 mutant to invade lingual and esophageal epithelium in bg/bgnu/nu mice, compared with its ability to invade tge26 mice, is related to the inhibition of germ-tube formation, which would also prevent expression of Hwp1, because Hwp1 is specific to germ tubes and hyphae [8] . Furthermore, host inhibition of germtube formation of the hwp1/hwp1 strain may be attributed to the presence of thymus-independent T cells that are present in bg/bg-nu/nu but not tge26 mice.
Relevance of oroesophageal candidiasis in mice to human disease. The anatomic location and histopathologic features of the candidal lesions seen in the mice in this study are similar to those found in humans. The location of invasion of the hwp1/ hwp1 strain, the foramen cecum region of the dorsal tongue, is analogous to the most common location of candidal invasion of the human tongue, which results in the lesion known as "central papillary atrophy" or "median rhomboid glossitis" [26] . Candidal esophagitis is problematic in immunosuppressed patients with NOTE. bg/bg-nu/nu, beige-athymic; tge26, transgenic e 26. a Scores 0-5, representing extent of damage to tongue or esophagus, were based on the criteria specified in table 1. Scores from animals that received the hwp1/hwp1 strain are in boldface.
b No. of mice that received hwp1/hwp1 strain/total no. of mice. c Monoassociation with C. albicans hwp1/hwp1 mutant was significantly correlated with survival of both bg/bgnu/nu and tge26 mice (Fisher's exact test).
d Histologic scores representing mucosal damage for mice that survived were significantly lower in both bg/bg-nu/ nu and tge26 mice; P ¼ :0016 and P ¼ :0004, for tongue, and P ¼ :0186 and P ¼ :0109, for esophagus, respectively (Mann-Whitney U test). Figure 3 . Examples of lingual and esophageal damage in longitudinal sections of transgenic e 26 (tge26) and beige-athymic (bg/bg-nu/nu) immunodeficient mice, caused by Candida albicans with or without the wild-type hyphal wall protein 1 gene (HWP1). A, Tongue of healthy 10-week-old female tge26 mouse that was monoassociated for 7 weeks with the hwp1/hwp1 mutant strain of C. albicans. Invasion was confined to the central region of the tongue and extended over less than one-third of the tongue surface (A, red bar). The tissue section that displayed the most extensive damage is shown. Enlarged views of areas denoted by boxes numbered 1-3 are shown in boxes A1-A3. Invading C. albicans hwp1/hwp1 strain CAH7-1A is primarily in hyphal form (A1, red arrow). Normal papillary architecture without invading fungi is present both anteriorly and posteriorly (A, black arrows, and A2, black arrow) to infected region. Hyphae dislodged from tongue surface appear to be swallowed in food (A3, red arrow). B, Enlarged views of lingual damage in an 8-week-old male tge26 mouse monoassociated for 3 weeks with HWP1 revertant strain CAHR3. Keratinized material saturated with hyphae separate from the tongue surface (B1 and enlarged view, red arrow). Polymorphonuclear leukocytes (PMNL) advance toward C. albicans hyphae (B3, white arrows) and form giant aggregates (B2, pink arrow) that sever the keratin layer containing hyphae (B2, red arrow) from the underlying epithelium (B2, white arrows). C1, The esophagus of this 6.5-week-old female bg/bg-nu/nu mouse has an unobstructed lumen (gray arrow). The narrow layer of superficial keratin appears ridged (C1, enlarged view, black arrow). The esophagi of female 12-week-old bg/bg-nu/nu (C2) or 10-week-old tge26 (C3) mice that had been monoassociated for 6 or 7 weeks, respectively, remained healthy. Occasional adherent yeast forms were seen on the epithelial surfaces of the esophagi of bg/bg-nu/nu mice (C2a, white arrow); hyphae associated with desquamated epithelial cells were observed in the lumen (C2b, black arrow), but no invasion of esophageal epithelium was seen. Hyphae of the C. albicans hwp1/hwp1 mutant invaded keratinized epithelium in healthy tge26 mice (C3a, C3b, red arrows), attracting PMNL (C3b, black arrow); however, no luminal narrowing or blockage was seen. C4, Esophagi from 6-week-old female (C4a) and male (C4b) bg/bg-nu/nu mice that became ill 10 days after oral inoculation with C. albicans HWP1 revertant strain CAHR3. C4a, Esophageal lumen is occluded (red arrow) with masses of fungi, PMNL, and keratin (green arrow). C4b, Raised lesion consisting of PMNL aggregates (pink arrow), thickened stratum spinosum (yellow arrow), superficial keratin (green arrows), and hyphae (red arrow) on the esophageal wall with luminal narrowing (gray arrow) is shown. Prominent PMNL aggregates separated fungi in the keratinized layer and in microabscesses from underlying tissue. Scale bars are in micrometers. lymphoreticular malignancies or organ transplantation. Therefore, strategies used to interfere with the pathogenesis of candidiasis in this murine model are likely to be applicable to the management of human mucosal candidiasis.
We believe that this study is the first to test the role of a virulence factor of C. albicans in a model of oral and esophageal candidiasis, although the importance of a housekeeping gene has been demonstrated elsewhere [27] . The mucosal damage leading to illness that was discussed in this report represents the early consequences of oral administration of C. albicans to immunodeficient mice. The high frequency of mucosal candidiasis and the risk that mucosally derived organisms will translocate and cause systemic candidiasis are compelling reasons to continue to increase understanding of the importance of putative virulence genes in oral and esophageal candidiasis. Because disseminated candidiasis and mucosal candidiasis are considered to be different diseases that have both unique and overlapping risk factors, the importance of Hwp1 in mucosal candidiasis that was revealed in this study, coupled with the role in disseminated candidiasis that has been described elsewhere [7] , suggests that strategies used to interfere with the function of Hwp1 will be beneficial in treatment of both diseases.
